The chicken lysozyme locus is gradually activated during macrophage development exhibiting a specific chromatin structure with each differentiation state. Its small size and the extensive characterization of its cis-regulatory elements allows us to study even subtle changes in chromatin structure of the entire gene locus during transcriptional activation. Tissue-specific and position independent expression of the lysozyme locus in transgenic mice requires the cooperation of all cis-regulatory elements. In order to elucidate further the molecular basis of locus activation, we have determined nucleosome positions within the complete 5′-regulatory region of the chicken lysozyme locus in chicken myeloid cell lines and transgenic mice. Each cis-regulatory element develops its unique nucleosomal structure and each one remodels chromatin differently. The nucleosomal organization of the endogenous gene in chicken cell lines and the transgene in the mouse turned out to be identical, enabling us to study the influence of cis-regulatory deletions on the development of an active chromatin structure in transgenic mice. Transgenes with a deletion of an important cis-regulatory element show an impediment in nucleosome reorganization as compared with the complete lysozyme locus. We demonstrate that multicopy transgene-clusters in position dependently expressing mouse lines exhibit a heterogeneous chromatin organization.
INTRODUCTION
The organization of eukaryotic genes into nucleosomal arrays is not always random, but guided by proteins binding to specific DNA sequences and by the DNA sequence itself (1, 2) . It is assumed that nucleosomes contribute to the efficiency of transcription by generating a chromatin structure designed to interact with sequence-specific DNA-binding proteins in a highly specific fashion. It could be shown that the mutation of histone N-termini obstructs both the induction and repression of specific genes (3) (4) (5) . Specifically positioned (phased) nucleosomes influence the accessibility of transcription factors to their recognition sequences (6) (7) (8) (9) (10) (11) . Consequently, chromatin structure has to be altered in order to allow binding and functional assembly of transcription factor complexes on enhancers and promoters. At the yeast PHO5 promoter induction of the gene is accompanied by a rearrangement of a nucleosome specifically positioned over a transcription factor binding site (6) . A classic example is the MMTV promoter, where a nucleosome is phased at binding sites for the glucocorticoid receptor and the transcription factors NFI and OTF (8, 10) . However, here it could be shown that after binding of the transcription factors in vivo the nucleosome remains bound to DNA (12, 13) . Transcription factors seem to be bound on the nucleosomal surface, an arrangement which might be necessary for their precise spacial alignment (12, 14) . A similar arrangement was suggested for the active albumin enhancer (15) .
Reorganization of chromatin structure upon transcriptional activation of gene loci is observed along an extended chromatin domain (16, 17) . Using the chicken lysozyme gene as a model, we demonstrated that a structurally defined chromatin domain also constitutes the regulatory unit of transcription. High level, tissue-specific and position independent expression of the lysozyme gene in transgenic mice requires the presence of the full set of cis-regulatory elements. Position independence of expression is lost whenever one essential cis-regulatory region is deleted (18, 19) , indicating a necessity for cooperation of all cis-regulatory elements. The activity of the various cis-regulatory elements on the lysozyme locus is indicated by the presence of DNase I hypersensitive sites (DHSs) in chromatin (20) (21) (22) . We could show that position independently expressed transgenes form DHSs at the same position as in chicken macrophages. In contrast, in position dependently expressed transgenes with a low expression level per gene copy the formation of DHSs is suppressed (23) . This indicates that at a chromosomal position unfavorable for gene expression the reorganization of chromatin normally leading to locus activation is disturbed. All mouse lines carry multiple transgene copies. For each mouse line the expression level in each cell as measured by RNA in situ hybridization is the same, raising the possibility that the reduced efficiency of DNase I hypersensitive site formation is the result of a variable ability of single loci within a multi-copy transgene cluster to form DHSs (23) . In the experiments described here we addressed this question by analyzing the chromatin of * To whom correspondence should be addressed lysozyme transgenes expressed in a position dependent fashion by micrococcus nuclease (MNase) digestion. MNase preferentially cleaves in nucleosome linker regions (24) , thus enabling the mapping of phased nucleosomes. We expected nucleosomes located around cis-regulatory elements to rearrange upon transcriptional activation. By comparing nucleosome phasing patterns between mouse lines we expected to get an unambiguous answer, because nucleosomes specifically phased on one DNA molecule occupy unambiguous positions.
The various cis-regulatory elements of the lysozyme locus and the trans-acting factors binding to these elements are well characterized. However, neither their nucleosomal organization nor the consequences of transcription factor interaction on nucleosome positioning has up to now been described. The elucidation of dynamic nucleosome rearrangements over an extended regulatory region provides the basis on which to study the molecular mechanism of the cooperative interaction of cis-regulatory elements. In addition, those studies were necessary in order to be able to correctly interpret chromatin structure studies in transgenic mice carrying deletion constructs. Therefore, we examined the nucleosomal organization of the entire 5′-regulatory region of the lysozyme locus in retrovirally transformed myeloid cell lines of the chicken representing various stages of macrophage development. We show that the 5′-regulatory region displays a highly ordered nucleosomal organization. We demonstrate that along with each macrophage differentiation step, nucleosomes at the various cis-regulatory elements are rearranged in an element-specific manner. The chromatin structure of lysozyme transgenes in mice carrying the complete set of cis-regulatory elements is undistinguishable from the endogenous gene in chickens. We were able, therefore, to study the effect of cis-regulatory deletions on the formation of active chromatin in transgenic mice. We demonstrate that multi-copy transgene clusters of deletion constructs exhibit a heterogeneous nucleosomal organization.
MATERIAL AND METHODS

Cell culture and transgenic mice
HD50 MEP cells (25) were grown in standard Eagle's MEM containing 8% fetal calf serum (FCS), 2% chicken serum (CS), 75 µg/ml conalbumin (Sigma), 0.03 i.U/ml insulin and 10 -4 M β-mercaptoethanol. HD50 myl cells, HD37 cells (25) and HD11 cells (26) were grown in either Iscove's medium or DMEM containing 8% FCS and 2% CS. When indicated, the cells were stimulated with 5 µg/ml LPS (Sigma) for 24 h. Transgenic mice carrying chicken lysozyme domain constructs (19) were kept as homozygous lines in our own mouse colony. Primary macrophages were prepared from the peritoneal cavity of transgenic mice as described (18) . For each assay, cells from 15-20 mice cultured in Iscove's medium supplemented with 10% FCS and 10% L-cell conditioned medium for 16 h (18). Macrophages were LPS stimulated as described above. Embryonic fibroblasts were prepared from day 12 mouse embryos by removing head and internal organs. The remaining tissue was digested with 0.25% collagenase (Sigma), 20% FCS in PBS for 1.5 h, single cells were cultured in standard Iscove's medium, 10% FCS and left in the incubator for 16 h.
Nuclei preparation
Nuclei were prepared by homogenizing cultured cells on ice with a Dounce homogenizer in buffer 1 (0.15 mM spermine, 0.5 mM spermidine, 15 mM Tris-HCl pH 7.5, 60 mM KCl, 15 mM NaCl, 2 mM EDTA, 0.5 mM EGTA and 500 mM sucrose, 1 mM PMSF) followed by centrifugation for 5 min at 1000 g at 4_C. Nuclei were washed once in buffer 2 (buffer 1 plus 0.5% Triton X-100), followed by a wash in buffer 3 (buffer 1 but with 350 mM sucrose instead of 500 mM). After this wash nuclei were centrifuged for 5 min at 600 g at 4_C.
DNase I and MNase digestion
Aliquots of 2 × 10 7 to 1 × 10 8 nuclei in ∼100-200 µl buffer 3 nuclei were centrifuged for 5 min at 600 g at 4_C) and resuspended in buffer 4 (0.15 mM spermine, 0.5 mM spermidine, 15 mM Tris-HCl pH 7.5, 60 mM KCl, 15 mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA). DNase I digestions were performed in 500 µl buffer 4. To 2 × 10 7 nuclei, 20 U (XS.0b) or 24 U (HD11) DNase I (Boehringer) were added. Digestion was started by adding 4 mM MgCl 2 and 2 mM CaCl 2 . Incubations (15 min, 4_C) were stopped by adding 10 µl 0.5 M EDTA. MNase digestions were performed in 200 µl of buffer 4. For 2 × 10 7 nuclei, 0, 60, 200 U MNase (Pharmacia) were used. Digestion was started by adding 10 µl CaCl 2 (100 mM). Incubations (5 min, 25_C) were stopped by adding 10 µl 0.5 M EDTA. Digestions of genomic DNA with MNase were performed in 150 µl 10 mM Tris-HCl pH 7.5 with 0.14-27 U/ml. Incubations (15 min at 25_C) were started by adding 15 µl 10 mM CaCl 2 and stopped with 15 µl 50 mM EDTA. After DNase I or MNase digestion, nuclei were lysed in 500 µl 50 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.2% SDS, 0.5 mg/ml Proteinase K and incubated overnight at 37_C. RNase (0.2 mg/ml) was added, after an incubation for 1 h at 37_C, the DNA was precipitated three times with ethanol. Digested DNA was restricted and at least 20-30 µg of fragmented DNA per slot were loaded on 10 mm thick vertical 1.5% agarose gels. The DNA was transferred to Biodyne B membranes and the filter was hybridized with an appropriate probe for indirect endlabelling. Probe 1 is a DraI-BamHI fragment (+255 to +600 bp), probe 2 is a SphI-SpeI fragment (-3163 to -2906 bp), probe 3 is a PstI-HindIII fragment (-1564 to -1429 bp), probe 4 is a DraII-SphI fragment (-3424 to -3163 bp), probe 5 is a HindIII-SpeI fragment (-2718 to -2906 bp), probe 6 is a SacI-BamHI fragment (-6492 to -6331 bp).
RESULTS
The chromatin structure of the chicken lysozyme gene is rearranged during macrophage differentiation
The chicken lysozyme locus is regulated by a set of well characterized cis-regulatory elements each responsible for a distinct subaspect of tissue specificity of expression (27) (28) (29) (30) (31) (32) (33) . Using retrovirally transformed myeloid cell lines of the chicken representing various stages of macrophage differentiation (25, 26, 34) we previously determined the DHS pattern of the endogenous lysozyme gene (35) . E26 transformed multipotent myeloid progenitor cells (MEPs) are transcriptionally inactive and exhibit the DHS pattern of the inactive gene locus as found in the erythroid cell line HD37 or primary cells which do not transcribe the gene (20) . The only DHS formed in the region analyzed is located at the silencer element 2.4 kb upstream of the transcriptional start site. While this work was in progress, a new DHS at -3.9 kb was discovered (36) . Preliminary experiments indicate that this region displays enhancer activity in myeloid cells (C. Bonifer, unpublished results). Along with the onset of transcription at the myeloblast stage represented by HD50 myl cells, DHSs are formed at the promoter, at -3.9 kb (35) and at the upstream enhancer located at -6.1 kb. The transcriptional level is increased in subsequent differentiation steps, represented by the promacrophage cell line HD11. Expression is highest in LPS stimulated HD11 cells, which represent activated macrophages. Simultaneously, the DHS at the -2.4 kb silencer disappears and a new DHS at the -2.7 kb enhancer appears. LPS stimulated HD11 cells display an additional DHS at the hormone responsive element (HRE) located at -1.9 kb.
The chromatin fine structure of the 5′ regulatory region of the chicken lysozyme locus is conserved between the endogenous gene in chicken cells and transgenic mice
One way to investigate the influence of chromatin structure on transcription factor binding and locus activation is to manipulate and to reintroduce the respective DNA-sequences as a transgene. However, this requires that the chromatin structure observed at the endogenous gene of the donor species reforms in the new host. To this end, we compared the pattern generated by micrococcal nuclease (MNase) digestion of chromatin of the 5′-regulatory region of a position independently expressed lysozyme transgene (XS.0b; Fig. 5 ) in non-expressing embryonic fibroblasts as well as in macrophages to the pattern observed in chicken cell lines (Figs 2B-5B). The comparison demonstrates that the chromatin structure in non-expressing and expressing cells is highly conserved between chicken and mouse. Only at the region around the -3.9 kb DHS differences in the MNase pattern are observed ( Fig. 3A and B) . A series of bands is observed, indicating a mixed pattern derived from differently organized loci within the multi-copy transgene cluster. The DHS is located at the same position in chicken cells and mouse macrophages, but appears to be weaker (Fig. 3B, lanes 7 and  8) . At all other cis-regulatory elements the same chromatin structure observed with the endogenous gene of the chicken is formed in the mouse.
Nucleosomal structure of the lysozyme promoter
The lysozyme promoter drives transcription in oviduct and macrophages, thereby interacting with different cis-regulatory elements. Three different mRNA initiation sites at +1/-2, -24 and -58 bp are used with the same relative frequency in both lysozyme expressing tissues (32, 37) . A myelomonocytic-specific enhancer element is located between -66 and -208 bp (31) . Macrophagespecific in vivo protein-DNA interactions have been mapped around -200 bp, whereas protein-DNA contacts shared by oviduct and macrophages are located between -60 and -120 bp, most likely due to binding of Sp1 (38) . One functional binding site for CCAAT/enhancer binding protein (C/EBP) (39) has been located between -193 and -208 bp (40) . We mapped the position of MNase cleavage sites in the chromatin of the promoter region in HD50-MEP-, HD37-, HD50 myl-, HD11-cells and LPS stimulated HD11-cells (Fig. 1A) as well as in cells derived from transgenic mice (Fig. 1B) . Purified genomic DNA digested to the same extent served as control. In transcriptionally inactive cells, three chromatin-specific MNase cuts were found around the transcriptional start site ( The medial enhancer region consists of three major cis-regulatory elements, the HRE at -1.9 kb, the -2.4 kb silencer element and the -2.7 kb enhancer. The silencer element extends from -2410 to -2310 bp (28) and carries binding sites for two different proteins: the 5′-site is recognized by an abundant nuclear protein, NeP1; the 3′-site is a recognition sequence for thyroid hormone receptors (27, 28, 42) . The -2.7 kb enhancer element extends from -2690 to -2540 bp (31, 43) and carries an AP1 binding motif as well as binding sites for PU.1 (ets-family) (33, 43) and C/EBP (44; Faust, N., Bonifer, C. and Sippel, A.E., submitted). In vivo footprinting experiments revealed only one DNA-protein contact at the PU.1 binding site at -2643 bp (33) . The role of the -1.9 kb HRE in myeloid cells remains hereto unclear. No LPS responsive element has been identified at this position. LPS responsiveness of the chicken lysozyme gene rather seems to be mediated by C/EBP and NFκB binding sites located at the two enhancers and at the promoter (44, 45) . The MNase cleavage pattern at the medial enhancer region in chicken and mouse cells is depicted in Figure 2A , B and C. Indirect endlabelling with a probe hybridizing downstream of the HRE (Fig. 2C ) revealed several chromatin specific MNase cuts indicative for the presence of phased nucleosomes. Three MNase generated bands at -2090, -2280 and -2480 bp respectively, are observed in all cells. No differences in MNase accessibility are observed around the HRE in LPS stimulated HD11 cells as compared with unstimulated cells. A structural difference between transcriptionally active and inactive cells, an additional band at -2685 bp, can be observed only in mouse macrophages, possibly due to a stronger hybridization signal as a consequence of high transgene copy number. However, a probe hybridizing at closer distance and thus examining this area at higher resolution revealed significant chromatin changes upon cellular differentiation also in chicken cells ( Fig. 2A and B) . MNase shows only a weak preference to certain sequence motifs in genomic DNA as compared with chromatin. In transcriptionally inactive cells the dominant MNase cleavage site seen at lower resolution (Fig. 2C) is composed of two closely spaced sites around -2480 bp. Two additional preferential cleavage sites are present at -2685 and -2830 bp. The distances between the cleavage sites indicate the presence of at least three phased nucleosomes ( Fig. 2A) . Upon cellular differentiation of MEPs into myeloblasts chromatin between -2685 and -2830 bp reorganizes at least in some cells, as indicated by the appearance of several new MNase generated cuts, suggesting a combination of the pattern found in transcriptionally active and inactive cells (Fig. 2A, lanes 12-14) . The formation of a visible DHS in HD11 cells at -2.7 kb is accompanied by an increasing accessibility of these cleavage sites and a simultaneously decreasing accessibility of the cleavage sites at -2480 and -2830 bp ( Fig. 2A,  lanes 15-17) . Upon LPS stimulation of HD11 cells, two strong MNase generated cuts appear upstream of the -2.7 kb enhancer at -2765 and -2800 bp ( Fig. 2A, lanes 18-20) . The same chromatin structure is found in transgenic mouse macrophages (Fig. 2B, lanes 5-7) . For comparison, a DNase I digest of the chromatin of HD11 cells is shown (Fig. 2B, lane 8) . Surprisingly, the DNase I cleavage sites at the -2.7 kb enhancer did not coincide with the cis-acting element mapped by transfection analysis. They overlap the position of the PU.1 binding site at -2643 bp and are mostly located upstream of the enhancer element. Our results indicate that in transcriptionally inactive cells the -2.4 kb silencer/-2.7 kb enhancer region is organized in a nucleosomal array of at least four phased nucleosomes (see also Fig. 2B and C), two of which are placed precisely over the cis-regulatory elements. In transcriptionally active cells the nucleosome located between -2685 and -2830 bp is destabilized. The nucleosomes covering the -2.4 kb silencer-and the -2.7 kb enhancer-elements are not relocated after onset of transcription, the dominant MNase cleavage sites at -2280, -2480 and -2685 bp still persist, even after LPS stimulation.
At the -3.9 kb enhancer, nucleosome phasing is induced upon transcriptional activation
The -3.9 kb region contains an enhancer element, however, its character and role in lysozyme gene regulation has not yet been clearly investigated. In vitro, binding of nuclear factor I (NFI) at -3880 bp has been demonstrated (46) . The chromatin analysis of transcriptionally inactive cells at low resolution revealed no regularly spaced MNase pattern, however, nucleosomes are phased upon transcriptional activation of the lysozyme locus (Fig. 3C) . Higher resolution analysis of transcriptionally inactive cells revealed a pattern of closely spaced MNase sites from -3460 to -4200 bp in HD37 cells (Fig. 3A, lanes 6-9; Fig. 3B, lanes 2-4) . This pattern is radically changed in transcriptionally active cells (Fig. 3A, lanes 10-17; Fig. 3B, lanes 5-7) . Strong regularly spaced chromatin specific MNase cuts appear at -3810, -3740, -3600 and -3460 bp in chicken cells. The DHS analysis (Fig. 3B,  lane 9 ) reveals several bands, the main cleavage site overlaps the NFI binding site. These results indicate the presence of an array of at least three phased nucleosomes forming between -4000 and -3460 bp, suggesting that a large DNA-protein complex blocks random nucleosome localization on this element.
The upstream enhancer reorganizes chromatin differently than the -2.7 kb enhancer upon activation
The -6.1 kb enhancer (32) is the best characterized regulatory element on the chicken lysozyme locus. Transfection analysis located enhancing activity on a minimal fragment (-6075 to -5918 bp) (29) comprised of five binding sites for sequence- specific DNA-binding proteins. In vitro binding assays showed binding of NFI at -6000 bp and of C/EBP to two sites at -5900 and -5943 bp (29, (46) (47) (48) . 5′ of the minimal enhancer fragment a second NFI binding site at -6192 bp is present, whose role in transcriptional activation has not been examined. In vivo G(N7) protein contacts in HD11 cells have been mapped at each of the two NFI sites and the downstream C/EBP site (49) . The chromatin of the -6.1 kb enhancer region in inactive cells exhibits a regular pattern of MNase cleavage sites (Fig. 4A, lanes 5-10;  Fig. 4B, lanes 2-4) , indicating the presence of at least one phased nucleosome which is precisely located over the enhancer element as indicated by two prominent MNase cuts at -5945 and -6130 bp. Upon transcriptional activation the nucleosome positioned over the enhancer element is rearranged. Instead of a sharp band at the 3′ border of the enhancer around -5945 bp, two new MNase generated bands at -6005 and -6030 bp appear. At the 5′ border of the enhancer element upstream of the NFI site at -6130 bp a previously weak band increases in strength (Fig. 4A, lanes  11-19) . Unlike at the -2.7 kb enhancer, the DHS analysis performed for comparison (Fig. 4B, lane 8) indicates the co-localization of DHS and enhancer element.
The chromatin structure of position dependently expressed transgene-clusters is heterogeneous
The majority of transgenes generated by direct transfer of DNA into cells are inserted as multiple copies at random positions into the genome. With position dependently expressed transgenes in different mouse lines variable expression levels per gene copy are observed with the same construct. The various lysozyme locus constructs and their expression levels per gene copy in transgenic mice are depicted in Figure 5 . Our previous experiments had pointed to a structural difference within multiple transgene loci (19, 23) . However, another possibility was a distortion of nucleosome positioning in mouse lines carrying cis-regulatory deletions and expressing the gene at a low level per gene copy, thus inhibiting DHS formation.
We compared the nucleosomal organization of the various cis-acting elements in macrophages of different position dependently expressing mouse lines (Fig. 6) . No fundamental change in chromatin structure is observed as compared with the position independently expressing mouse lines. At the promoter (Fig. 6A) all position dependently expressing mouse lines show a mixed MNase pattern. Both, the MNase cleavage site at -145 bp, which is indicative for an activated promoter as well as the cleavage sites at -25 bp and +120 bp indicative for an inactive promoter structure are present (compare with Fig. 1A and B) . Chromatin analysis was carried out with nuclei of mouse macrophages from the same differentiation stage, hence, a mixed MNase cleavage pattern is an indication of a structural heterogeneity between transgene copies. The comparison of MNase cleavage patterns at the -6.1 kb enhancer region revealed more pronounced differences (compare Fig. 6B with Fig. 4B, lanes 2-7) . Mouse lines XSdSS.26 and 28 carry a deletion of the medial enhancer region. Macrophages of the low expressing mouse line XSdSS.26 exhibit the MNase cleavage pattern observed in transcriptionally inactive cells (compare Fig. 6B, lanes 2-4 with Fig. 4B, lanes 2-4) , the high expressing mouse line XSdSS.28 shows a mixed pattern with a significant number of gene copies in the active structural configuration of the cis-element (compare Fig. 6B , lanes 5-7 with Fig. 4B,  lanes 5-7) . A similar observation was made when the -3.9 kb region was analyzed (compare Fig. 6C with Fig. 3B, lanes 5-7) . The low expressing mouse line (dXK.25) and a higher expressing mouse line (dXK.2) carry a transgene with a deletion of the -6.1 kb enhancer region (Fig. 6C, lanes 8-13) . In this experiment the -3.9 kb region exhibits a mostly inactive (XSdSS.26) or a mixed (XSdSS.28; dXK.25; dXK.2) configuration.
The medial enhancer region was analyzed in mouse lines dXK.2 and dXK.25 (Fig. 6D) . In both cases a mixed pattern is observed. The MNase cleavage site upstream of the silencer element at -2480 bp is less accessible than in transcriptionally inactive cells, resembling the pattern found in transcriptionally active cells. Upstream of the enhancer element staggered MNase cleavage sites are visible reminiscent of the mixed pattern seen in myeloblasts ( Fig. 2A) and indicating the presence of very few gene copies in the active configuration of the enhancer. Here, no strict correlation between transcriptional activity and transgene organization is found, implicating some extent of autonomy of the medial enhancer region with respect to chromatin reorganization. A molecular explanation for this result might be provided by the recent finding, that the thyroid hormone receptor, one of the proteins binding to the -2.4 kb silencer, exhibits constitutive binding to chromatin in the absence of ligand and reorganizes chromatin upon ligand binding (11) . In summary, our results confirm the hypothesis that chromosomal position effects result in a structural heterogeneity of gene loci within a multi-copy transgene cluster.
DISCUSSION
The various cis-regulatory elements of the chicken lysozyme locus remodel chromatin differently
The chromatin of the 5′-regulatory region of the chicken lysozyme locus is highly structured and is gradually rearranged during cellular differentiation (Fig. 7) . In transcriptionally inactive cells the -6.1 kb enhancer is covered by a phased nucleosome. The -2.4 kb silencer/-2.7 kb enhancer region is covered by an array of four positioned nucleosomes which occupy almost 1 kb of DNA. At the promoter nucleosomes are placed upstream and downstream of the main transcriptional start site. In contrast, the area around the -3.9 kb enhancer does not show a distinct nucleosomal phasing pattern.
Transcriptional activation results in significant rearrangements of chromatin structure, which, however, are of different nature, depending on the cis-regulatory element (Fig. 7) . At the promoter a DHS is formed in a region where transcription factors bind in vivo. The phased nucleosome at the transcriptional start site is destabilized. The formation of a MNase hypersensitive site at position -145 bp downstream of the DHS is therefore an indication for the presence of a large DNA-protein complex around -200 bp, with the nuclease cleaving at its 3′ border. DNase I, whose action is less affected by protein-DNA interactions (50) , recognizes structural changes in chromatin around the factor-binding sites.
Transcription factor binding to the -3.9 kb stimulatory element leads to phasing of nucleosomes around the DHS.
Transcription factor binding at the -6.1 kb enhancer leads to its increased accessibility towards MNase digestion. DNase I recognizes the very same area. Therefore, our results indicate a remodelling of the nucleosomal structure, rendering a short region of ∼70 bp of DNA accessible to the action of both enzymes. Upstream of the minimal enhancer element, at -6130 bp, a MNase hypersensitive site develops, indicating that nucleosome remodelling might render the linker region more accessible. Alternatively, a large non-nucleosomal DNA-protein complex might form, changing chromatin structure between the two NFI sites located on either side of the MNase hypersensitive site.
At the medial enhancer region the silencer complex forms a DHS on the surface of a phased nucleosome, probably weakening its interaction with DNA and thus generating a MNase hypersensitive site at its 5′ border. The distance between factor binding sites of the silencer and the enhancer indicate that both are facing the same site on the surface of each nucleosome. The protein complex binding to the silencer might thus interfere with binding of transcription factors at the enhancer. Transcriptional activation does not result in a displacement of the nucleosome located at the -2.7 kb enhancer element. Instead, MNase-and DNase I-hypersensitive sites at the silencer disappear, indicating the loss of binding factors. As a result enhancer specific factors may be free to bind thus rendering chromatin accessible to DNase I at the 5′ border of the underlying nucleosome and in the neighboring linker region. We suggest that a protein-DNA complex consisting of both histones and transcription factors restricts MNase as well as DNase I action. MNase cleaves at the outer borders of this large complex, whereas DNase I recognizes sequences closer to the transcription factors binding sites. Our results point towards a highly complex chromatin structure of this region which undergoes extensive changes during development. From our results it is likely that the correct function of the -2.4 kb/-2.7 kb silencer/enhancer region requires the interaction and precise alignment of phased nucleosomes and transcription factors.
Our experiments implicate a pronounced influence of chromatin structure on transgene expression. We suggest that the unique chromatin organization of each cis-regulatory element is required for the correct functioning of the lysozyme locus as a whole. Experimental evidence for this assumption is provided by experiments with transgenic mice. Constructs comprised of short fragments encompassing the minimal regulatory regions are not expressed (Bonifer, C., Vidal, M., Grosveld, F. and Sippel, A.E., unpublished results). One of the reasons for this finding might be that such constructs fail to support the gradual chromatin rearrangements necessary to activate the gene locus during cell differentiation. Steric hindrance may inhibit the correct alignment of nucleosomes necessary for the correct functioning of cis-regulatory elements.
Multi-copy clusters of position dependently expressed transgenes exhibit a heterogenous chromatin structure
The complete chicken lysozyme locus is correctly regulated in the mouse and its original nucleosomal organization is reformed in the new host. This allowed us to examine the chromatin structure of a multi-copy transgene cluster when its expression is disturbed by chromosomal position effects. We find that such transgenes exhibit a variable ability to perform nucleosome rearrangements. Depending on the chromatin environment a variable number of genes within each multi-copy gene cluster develop an active chromatin structure.
The structural consequences of the chromosomal position effects we describe differ from what is found with classical position effect variegation (PEV) phenomena (51, 52) . Also here transgene chromatin structure is altered as compared with non-variegating transgenes (53) , whereby transgenes are silenced by the spreading of juxtaposed heterochromatin (54) (55) (56) . Each cell exhibits a different level of expression, indicating that in each of them heterochromatin has spread over variable distances. In the mouse similarly heterogenous transgene expression levels in cells of one mouse strain have been observed (57, 58) . A reason for this result could be interactions between multiple transgene copies. An apparent position independence of expression was observed with multi-copy transgenes containing only a few transcription factor binding sites, suggesting compensatory interactions between different loci within the same transgene cluster (59) . Once the constructs are severely crippled, position independence of expression is lost, but interactions may still proceed with variable efficiencies in different cells. It was suggested that somatic pairing between multiple transgenes can induce heterochromatization (60) . However, with lysozyme transgenes position independence of expression is lost whenever one cis-regulatory element is deleted. The degree of suppression of expression is not correlated to transgene copy number (19) . An explanation for our finding might be that the -6.1 kb enhancer, the -3.9 kb enhancer and the -2.7 kb enhancer are not equivalent and their lack on one gene copy can not be compensated by the presence of the same element on a neighboring gene copy. Our results support this idea, each cis-regulatory element reorganizes chromatin in its unique fashion. At each element transcription factors might be uniquely aligned, thus allowing only cooperative, but not compensatory interactions. Our data show that once interactions are excluded, transgenes in multi-copy clusters act as isolated individual units, their activation being solely influenced by the equilibrium between silencing factors of the surrounding chromatin and activating factors bound to the transgene.
